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Role of peritubular capillary forces in the renal action of
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Boston, Massachusetts, USA
Role of peritubular capillary forces in the renal action of carbonic
anhydrase inhibitor. Micropuncture study was performed in Mu-
nich—Wistar rats to assess peritubular capillary Starling forces in renal
superficial cortex during suppression of proximal fluid reabsorption by
carbonic anhydrase inhibitor. Administration of benzolamide (2
mg/kg/hr, i.v., Group I, N = 7 rats) caused not only reduction in
absolute rate of proximal fluid reabsorption (APR, from 26.7 4.0
ni/mm to 17.7 3.6, P < 0.001), but also an increase in peritubular
transcapillary hydraulic—pressure difference (from 10.0 0.5 mm Hg to
15.2 0.5, P < 0.001). In a separate group of seven rats (Group 2),
these parameters did not change significantly without benzolamide
treatment. In Group I rats, an attempt was made to nullify the
benzolamide—induced reduction in the peritubular capillary net reab-
sorptive forces by infusing hyperoncotic high—hematocrit blood. Fol-
lowing this treatment, while benzolamide administration was contin-
ued, values for APR returned to levels (25.6 4.8 nI/mm) nearly
identical to those measured prior to benzolamide administration, in
association with a rise in peritubular transcapillary oncotic pressure
difference. A separate group of six rats treated in a fashion identical to
that of Group 1 showed continued suppression of carbonic anhydrase
activity following blood infusion as indicated by low levels of whole
kidney bicarbonate reabsorption rate. Peritubular capillary reabsorp-
tion coefficient was calculated based on the measured values for
Starling forces in Group 1 and were unaffected throughout the study.
Continued benzolamide administration alone without the treatment of
hyperoncotic blood did not change APR significantly (Group 3, N 7
rats). These results indicate that administration of carbonic anhydrase
inhibitor causes a depression of peritubular capillary water uptake
forces, and the maintenance of this reduced peritubular uptake forces is
a requirement for the suppressive influence of carbonic anhydrase
inhibitor on proximal water reabsorption to be fully expressed in vivo.
Previous studies have demonstrated that, under a variety of
experimental circumstances, changes in the absolute rate of
proximal fluid reabsorption (APR) occur in parallel with
simultaneously—measured Starling forces acting across the
peritubular capillary [1—9]. In a number of other experimental
settings, however, investigators have failed to detect a consist-
ent relationship between APR and the Starling forces [9—14]. In
addition, several recent studies documented alterations in
peritubular capillary reabsorptive coefficient [15—18], a variable
potentially capable of modulating APR.
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In a recent series of study by Tucker, Mundy and Blantz [191,
an example of a correlation between the rate of proximal fluid
reabsorption and peritubular capillary indices was obtained:
intravenous administration of benzolamide, a carbonic anhy-
drase inhibitor (CA!), not only reduced proximal fluid reabsorp-
tion but also raised peritubular transcapillary hydraulic pres-
sure difference (AP), changes favoring a reduction in peritubular
capillary uptake of proximal fluid reabsorption. Since CA! is
fully capable of suppressing fluid absorption in isolated proxi-
mal tubules perfused in vitro [20—23], the changes in the
peritubular capillary forces observed in vivo were, in all likeli-
hood, induced, through some yet to be defined mechanisms, by
CAT's direct influence on transepithelial transport, The possi-
bility remains, however, that in vivo, where the net fluid
transfer is potentially under the constraint of transperitubular
capillary fluid transfer, the magnitude of the decrease in APR
during CA! infusion may, in part, be determined by the degree
of this CAl-induced reduction in the peritubular reabsorptive
forces. The present study, therefore, attempts to ascertain the
role of the changes in the peritubular capillary reabsorptive
forces for the suppressive effect of CAT on proximal fluid
reabsorption in vivo. For this purpose, to nullify the rise in AP
during benzolamide infusion, an attempt was made to raise
transcapillary oncotic pressure difference (AT) by means of an
infusion of hyperoncotic plasma. In designing the protocol, we
anticipated to observe either one of the three patterns: namely,
a rise in oncotic pressure may effectively normalize the net
Starling forces, thereby bringing the rate of proximal fluid
reabsorption back to pre-benzolamide level. Or, proximal fluid
reabsorption may remain depressed despite a rise in oncotic
pressure, with (such as a further rise in AP) or without addi-
tional adjustments in peritubular capillary forces. If the latter
occurs, a reduction in peritubular capillary reabsorption coef-
ficient (Kr) would be expected in accord with the mathematical
model of Deen, Robertson and Brenner [31, in which the rate of
peritubular capillary fluid uptake is approximated to be equal to
APR.
Methods
Animal preparation and specific measurements
Studies were performed in adult, male Munich—Wistar rats.
All rats were allowed free access to tap water and standard rat
chow until the day of the experiment. The animals were
anesthetized with mactin (100 mg/kg, i.p.) and placed on a
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temperature—regulated micropuncture table. Each animal un-
derwent a tracheostomy. Indwelling polyethylene catheters
were inserted into the right and left jugular and femoral veins
for infusions of inulin, hyperoncotic high hematocrit blood,
isotonic NaC1 solution, and benzolamide. The left femoral
artery was catheterized for periodic sampling of blood and
recording of mean systemic arterial blood pressure (AP). To
widen the subcapsular space for micropuncture measurements
of cortical interstitial hydraulic pressure (P1) each rat was given
an intravenous infusion of a volume of 0.9% NaCl solution
equal to 2% body weight administered in a period of 45 minutes.
The infusion rate was then reduced to 7.2 mllkg per hour for the
remainder of the initial study period, thus maintaining urine
flow rate essentially constant. An intravenous infusion of inulin
in 0.9% NaC1, given at the rate of 1.2 mllhr, was begun 60
minutes before the micropuncture study, resulting in final
plasma inulin concentrations of about 80 mgldl. AP was moni-
tored with an electronic transducer (model P-23Db, Statham
Instruments Division, Gould Inc., Oxnard, California, USA)
connected to a direct writing recorder (model 2200, Gould Inc.).
The left kidney was exposed by ventral midline and subcostal
incisions, suspended on a Lucite holder, its surface illuminated
with a fiberoptic light source, and bathed with 0.9% NaC1
heated to 35°—37°C.
In all experiments, micropuncture measurements and collec-
tions were carried out as follows. Timed (one to two mm)
samples of fluid were collected from surface late proximal
convolutions from each of one to three nephrons for determi-
nation of flow rate, inulin concentration and calculation of
tubule fluid-to-plasma inulin concentration ratio, (TF/P)1,
hence, single nephron glomerular filtration rate (SNGFR) and
APR. End—proximal convolutions were identified by observing
the passage of the Lissamine green injected into surface prox-
imal convolutions with small tip (3 to 4 m, diameter) pipettes.
The rate of fluid collection was adjusted to maintain a column of
polymer oil three to four tubule diameters in length in a constant
position just distal to the puncture site. Coincident with the
tubule fluid collection, femoral arterial blood samples were
obtained for determination of hematocrit (Hct) and plasma
inulin and protein concentrations. In addition, in Group 1
animals urine samples were collected through indwelling ure-
teral polyethylene catheters for determination of urine flow
rate, sodium and inulin concentrations so that whole kidney
sodium excretion rate (UNaV) and inulin clearance (C1) could
be calculated. In five of Group 1 animals, arterial blood was
collected anaerobically in a volume of -100 /Ll in the middle of
second and third study periods for determination of pH, Pc02
and [tCO2].
Hydraulic pressures were monitored in accessible surface
structures with a continuous recording, servo-null micropipette
transducer system (model 3, Instrumentation for Physiology
and Medicine, Inc., San Diego, California, USA). Micropi-
pettes with an outer tip diameter of 1 to 2 xm containing 2.0 M
NaCl were used. Hydraulic output from the servo-null system
was coupled electronically to a second channel of a Gould
recorder by means of a pressure transducer. Direct measure-
ments of time-averaged hydraulic pressures were recorded in
proximal tubules (PT), efferent arterioles (PE), and most distal
branches of the peritubular capillaries (Pd). By the same
device, subeapsular space hydraulic pressure was also mea-
sured and values taken to represent cortical interstitial hydrau-
lic pressure, P1, as described in detail previously [5, 10, 22].
Protein concentrations of plasma entering glomerular (Cj
and peritubular capillaries (CE) were determined by analyzing
femoral arterial and surface efferent arteriolar blood plasmas,
respectively. To avoid disturbance of natural postglomerular
blood outflow during efferent arteriolar blood collection, a
polymer oil droplet was maintained distal to the collection
pipette with gentle suction throughout each collection. These
inlet estimates of pre- and postglomerular plasma protein con-
centration also permitted calculation of single nephron filtration
fraction (SNFF). Oncotic pressure of efferent arteriolar plasma
(irE) was calculated from value of CE. Subcapsular fluid was
collected by the method of Tucker and Blantz [131. Interstitial
oncotic pressure (irk) was estimated from the value of protein
concentration of this subcapsular fluid [15].
The volume of fluid collected from individual end—proximal
tubules was estimated from the length of the fluid column in a
constantbore capillary tube of known diameter. The concentra-
tion of inulin in tubule fluid was measured in duplicate by the
microfluorescence method of Vurek and Pegram [23]. Inulin
concentrations in plasmas were determined by the macroan-
throne method of Fflhr and KrUttgen [24]. CA and CE were
determined, usually in duplicate, by the fluorometric method of
Viets et a! [25]. Protein concentration in subcapsular fluid was
determined with an ultramicrocolorimeter, by means of a
microadaptation [1] of the method of Lowry et al [26]. Arterial
pH, Pc02 and [tCO2] were measured by a blood gas analyzer
(model 158, Corning Scientific Instruments, Medfield, Massa-
chusetts, USA). Urine [tCO2] was measured by colorimetric
method of Van Slyke.
Experimental groups
Group 1 (N = 7 rats). After completion of baseline micro-
puncture measurements and collections which were carried out
as described above, the animals received a bolus infusion of
benzolamide (2 mg/kg in 250 p1) over five minutes, followed by
a reduction in the infusion rate to 3 mg/kg per hour for the
remainder of the experiment. Benzolamide was suspended in
300 mM NaHCO3 solution and given at a volume rate of 0.5%
body weight per hour to maintain serum bicarbonate concen-
tration. In addition, intravenous infusion of 0.9% NaCl solution
was increased to deliver at the rate of 14.4 ml/kg per hour for
the remainder of each experiment to maintain Hct constant. At
—20 minutes after the onset of benzo!amide infusion, when
urine flow rate reached a new steady level, measurements and
collections specified above were repeated. This second collec-
tion of late proximal tubule fluid was obtained from the same
nephrons as those studied during the initial period.
In this group, a third study period was designed to nullify the
reduction in net peritubular capillary reabsoi-ptive pressure
during benzolamide infusion, without altering glomerular filtra-
tion rate. In preliminary studies, the following protocol was
found to fulfill this goal. At the completion of the above
described second measurements and collections, each rat re-
ceived an intravenous infusion of blood with high Hct and high
CA in a volume equal to 2.0% body weight in 45 minutes. The
infused blood was prepared as follows: on the morning of the
experiment, whole blood was withdrawn from littermates into
heparinized syringes and centrifuged at 3,500 rpm for 20 mm-
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utes. The cells were then separated from plasma, resuspended
in saline to wash away any clots, and the suspension recentri-
fuged, Care was taken in preparing the erythrocytes to avoid
clots, clumping, or hemolysis. The plasma, on the other hand,
was concentrated by centrifugation in a Centriflo Concentration
Cone (type CF25, Arnicon Corp., Lexington, Massachusetts,
USA). The concentrated plasma was then diluted with 0.9%
NaCI solution to achieve final protein concentration of 7.5 g/dl.
The cells and plasma thus prepared were mixed together in a
ratio of 2:1 to attain a final Hct of —67 vol%. After this
transfusion, micropuncture measurements and collections were
repeated.
Group 2 (N = 7 rats). The natural time course of proximal
fluid reabsorption and peritubular—capillary reabsorptive forces
without benzolamide administration was examined in this
group. The procedures described above for Group I were,
therefore, duplicated except that infusion of benzolamide was
omitted during the second study period. In addition, intrave-
nous administration of 0.9% NaC1 was maintained at the rate of
7.2 mI/kg per hour throughout the initial and second study
periods. Experiments were completed at the end of the second
study period.
Group 3 (N = 7 rats). The time course of the effect of
benzolamide given over an extended period on proximal fluid
reabsorption and peritubular capillary reabsorptive forces was
studied in this group. Thus, the protocols described above for
the second and third study periods of Group 1 were duplicated
in the initial and second study periods of this group, respec-
tively, except that the whole blood infusion was omitted in
Group 3. Timing of the micropuncture measurements and
collections was identical to those of Group I. In two animals,
data were obtained alter completion of Group 2 two—period
study.
Group 4 (N = 6 rats). The protocols described for Group 2
animals were duplicated in this group except that Group 4
animals were subjected to whole kidney clearance measure-
ments rather than micropuncture study. The magnitude of
bicarbonate reabsorption was assessed at whole kidney level
throughout the three experimental periods in this group.
Calculations
SNGFR = (TFtP)1 x VTF, where VTF refers to tubule flow
rate. SNFF is given by SNFF = 1 (CA/CE). Initial glomerular
plasma flow rate: QA = SNGFRJSNFF. Blood flow rate per
single afferent arteriole or glomerulus (GBF) = QA/(l —
where H, the H1 of afferent arteriolar blood, is taken to equal
femoral arterial Efferent arteriolar blood flow rate (EABF)
GBF - SNGFR.
Using the value of (TF/P111 and VTF at the late proximal
tubule, APR to the end of the proximal tubule is given by: APR
SNGFR — VTF. The Starling relationship applied to the
peritubular capillaries predicts the rate of peritubular capillary
uptake of APR to be:
APR = Kr x PrKXr—P)
—
= Kr X [(c — i) (Pc P1)I
where Pr represents mean net peritubular capillary reabsorptive
pressure, and Lir and P are mean peritubular transcapillary
oncotic and hydraulic pressure difference, respectively; c and
P are mean intracapillary oncotic and hydraulic pressures. Kr,
r, 'p, r, c and Pc were calculated from the mathematical
model developed by Deen et al [31, and Blantz and Tucker (10).
Results
Group 1. Mean values of AP, the pertinent measurements of
plasma composition, whole kidney and single glomerular func-
tion in baseline condition (first period), during benzolamide
administration prior to (second period) and following hyper-
oncotic high-Hct blood infusion (third period) are given in Table
During benzolamide administration, AP remained un-
changed, averaging 104 2 mm Hg before and 102 2 mm Hg
during benzolamide infusion. Likewise, Hct remained unaf-
fected, averaging 51.7 0.6 vol% to 51,5 0.6. However,
values for CA fell slightly but uniformly between the two study
periods, as shown. In response to benzolamide administration,
UNaV increased more than tenfold, averaging 0.25 0.09
Eq/min before and 2.85 0.46 during benzolamide. By
contrast, whole kidney inulin clearance, C1, fell by some 10%
baseline values (from 0.87 0.06 mI/mm to 0.78 0.07). Values
for SNGFR measured in superficial nephrons fell in comparable
degree during benzolamide infusion, averaging 51.7 6.1
nI/mm prior to, and 47.1 5.3 during this carbonic anhydrase
inhibition. Single nephron filtration fraction, SNFF, however,
was essentially unaffected as shown in Table 1. Values for
SNFF were similar before and during benzolamide, averaging
0.30 0.01 and 0.31 0.01, respectively. A summary of
various indices for perituhular capillary fluid transfer for the
two study periods under discussion is given in Table 2. Values
for (TF/P)1, an index for fractional proximal fluid reabsorption,
and APR decreased uniformly and substantially, averaging 2.11
0.14 and 26.7 4.0 nl/min before and 1.59 0.09 and 17.7
3.6 nl/min during benzolamide infusion. The hydraulic pressure
measured at the beginning and most distal accessible portions of
the peritubular capillary increased with benzolamide infusion.
Hence, the average hydraulic pressure along the peritubular
capillary, Pc, was 13.5 0,4 mm Hg in the baseline period and
rose significantly to 16.3 0.2 mm Hg in the second period.
Although numerically small, the decrease in P1 was also signif-
icant during benzolamide infusion, falling from an average of
3.5 0.5 mm Hg to 1.1 0.5. As a consequence, the values for
P increased substantially with benzolamide infusion (mean:
from 10.0 0.5 mm Hg to 15.2 0.5). In association with the
near constancy in CA and SNFF, values for peritubular capil-
lary oncotic pressure averaged over the entire length of the
peritubular capillary, c, were virtually identical before and
during benzolamide infusion. Values for interstitial oncotic
pressure, ir1, decreased significantly but only slightly in re-
sponse to benzolamide, also contributing the near constancy in
the value for air, 23.2 1.1 mm Hg before and 24.6 0.5
during benzolamide administration, Overall, net peritubular
capillary reabsorptive pressure, Pr, decreased significantly,
averaging 13.2 1.0 mm Hg before and 9.4 0.4 during
benzolamide. By contrast, Kr was calculated to be essentially
unaffected, averaging 0.037 0.009 nl/(s. mm Hg) before and
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Table 1. Summary of plasma composition, A, whole kidney and single glomerular function
XP
mm Hg
Hct
vol %
CA
g/dl
PHC Pco
mm Hg
[tCO2}cm UNaVEq/min
Ch,
mi/mm
SNGFR
ni/mm
SNFF
Group 1
1st period 104 51.7
0.6
5.4
0.1
— — — 0.25
0.09
0.87
0.06
51.7
6.1
0.30
0.01
2nd period 102 51,5
0.6
5.2
0.1
7.34
0.04
44.0
6.0
23.0
1.0
2.85
0.46
0.78
0.07
47.1
5.3
0.31
0.01
3rd period 107 59.3
1.0
5.7
0.1
7.35
0.05
45.9
7.1
24.4
1.1
2.73
0.66
0.81
0.13
50.3
6.8
0.36
0.01
P valuea NS NS <0.005 — — — <0.001 <0.005 <0.05 NS
P valueb NS <0.001 <0.001 NS NS NS NS NS NS <0.001
Group 2
1st period 107 50.5
1.9
5.1
0.1
— — — — — 51.4
4.2
0.31
0.01
2nd period 105 50.3 5.1 — — — — — 51.3 0.30
1.9 0.1 3.9 0.01
P valuea NS NS <0.05 — — — — — NS NS
Group 3
1st period 103 50.4
1.9
5.3
0.2
— — — — — 48.5
4.0
0.30
0.02
2nd period 102 50.5
1.8
5.1
0.2
— — — — — 46.1
4.0
0.30
0.02
P valuea NS NS NS — — — — — <0.05 NS
a t-tests were performed between 1st and 2nd study periodb t-tests were performed between 2nd and 3rd study period
Values for pH, Pc02 and [tCO2] were measured only in five rats
0.033 0.007 during benzolamide infusion. Likewise, values
for EABF remained essentially unaltered as shown.
The values for plasma composition, AP, SNGFR, APR and
the determinants of peritubular capillary fluid exchanges were
obtained after infusion of hyperoncotic, high-Hct blood when
intravenous administration of benzolamide was continued. The
results are also shown in Tables 1 and 2. The values for AP
remained essentially unaltered as shown. As expected, how-
ever, values for systemic arterial Hct and CA increased uni-
formly, on average by some 8 vol% and 0.5 g/dl (to 59.3 1.0
vol% and 5.7 0.1 gIdl), respectively. While SNGFR remained
unchanged, SNFF increased modestly and significantly follow-
ing blood infusion, on average to 0.36 0.01. In contrast to the
observed near constancy in SNGFR, values for (TF/P)1 and
APR increased significantly to averages of 1.97 0.13 and 25.6
4.8 ni/mm, respectively, values very similar to those mea-
sured in initial baseline condition. Infusion of hyperoncotic,
high-Hct blood caused a mild but significant fall in Pc in the
third study period, on average by some 2 mm Hg. Quantita-
tively, this small decrease in Pc was accompanied by a similarly
small fall in Pt, so that the values for P decreased only slightly,
although significantly, after blood infusion (Table 2). In associ-
ation with the observed modest rise in both CA and SNFF,
values for c increased modestly and significantly following
blood infusion, on average from 25.3 0.5 mm Hg to 29.2
0.8. This rise in was accompanied by a significant, but
quantitatively much lesser degree of a rise in ir leading to
modest albeit significant elevation in iir, averaging 27.3 0.8
mm Hg in the third study period, as opposed to 24.6 0.5 in the
second study period. Owing to the increase in the level of I..IT
and a slight but significant reduction in P, average value for Pr
increased to a level identical to that measured in the baseline
pre-benzolamide period (Table 2). Values for both Kr and
EABF, however, did not change significantly, as also is shown
in Table 2.
Group 2. A summary of mean values for AP, the pertinent
measurements of plasma composition and single glomerular
function during initial baseline condition and subsequent time
control period is presented in Table 1. A summary of proximal
fluid reabsorption and peritubular capillary indices obtained
during these two study periods are given in Table 2. As can be
seen, no discernible changes occurred in any of these indices in
Tables 1 and 2 from initial and second study period in this
time—control group.
—
Group 3. A summary of mean values for AP, the pertinent
measurements of plasma composition and single glomerular
function during initial baseline condition and the subsequent
period (time—control for continued benzolamide administration)
is presented in Table 1, and that of proximal fluid reabsorption
and peritubular capillary indices in Table 2. It is clear from
these two tables that the actions of benzolamide on these
indices noted in the first study period remained equally effective
throughout the second study period.
Group 4. Averaged values for whole kidney GFR, filtered
load of tCO2, urine flow rate (V), urinary excretion rate of tCO2
and whole kidney fractional reabsorption of tCO2 measured in
Group 4 animals are given in Table 3. Values for GFR and
filtered load of tCO2 decreased slightly but significantly during
benzolamide treatment alone, whereas both of these measure-
ments were virtually unaffected by the hyperoncotic blood
infusion, thus duplicating the patterns seen in Group 1 animals.
As expected, values for V and Uco2V increased, and those for
fractional reabsorption of tCO2 decreased dramatically during
the second study period. While urine flow rate remained essen-
tially constant following blood infusion, Uco2V decreased and
fractional reabsorption of tCO2 increased modestly, yet signif-
832 Ichikawa and Kon
Table 2. Summary of proximal fluid reabsorption and several indices for peritubular capillary fluid exchange
Table 3. Summary of whole kidney GFR and tCO2 clearance rate in group 4 animals
EABF
ni/mm
0.037 0.009 317 42
0.033 0.007 282 42
0.036 0.005 304 40
NS MS
NS NS
0.034 (1.005 294 31
0.037 0.005 298 33
NS MS
icantly, during the third study period, even though both values
were still far above and below, respectively, the values mea-
sured during the first study period.
Discussion
The pattern of proximal tubule reabsorption and peritubular
capillary fluid exchange observed during benzolamide adminis-
tration was remarkably similar to some measurements previ-
ously made by Tucker, Mundy and Blantz [19]. In their study,
approximately 40% reduction in APR during benzolamide ad-
ministration was associated with a significant rise in peritubular
transcapillary hydraulic pressure difference and unaffected,
intracapillary oncotic pressure. Likewise, in the present effort,
the 35% reduction in APR during benzolamide infusion oc-
curred with a significant rise in peritubular transcapillary hy-
draulic pressure difference, P, (Fig. 1), whereas the mean
peritubular intracapillary oncotic pressure, remained essen-
tially constant. In the present study, the interstitial oncotic
pressure, irk, was also measured and revealed that there was
subtle but significant fall in i during benzolamide administra-
tion, which was insufficient to substantially influence the value
of the mean peritubular transcapillary oncotic pressure differ-
ence, sir, (Fig. 1). Collectively, therefore, the net peritubular
capillary reabsorptive pressure (Fig. 1), Pr, fell significantly and
was comparable in magnitude to the reduction in APR.
In the present study, an attempt was made to determine the
role of this reduction in r, the benzolamide—induced suppres-
sion of net proximal fluid transfer. The fluid load to the proximal
tubule is regarded, at least under certain circumstances [14, 271,
to be important in modulating the rate of reabsorption by the
proximal tubule. Therefore, the protocol of hyperoncotic
high—hematocrit blood infusion was designed to increase r
while maintaining SNGFR constant. The experimental goal of
raising Pr during benzolamide infusion to apre-benzolamide
level was fulfilled largely by an increase in ITand to a lesser
extent by a reduction in P (Fig. 1). As expected, the rise in 1T
was solely the consequence of a rise in ii since the concurrent
increase in only dhipated this rise. Likewise, the reduction
in P was induced solely by a fall in Pc since the further
reduction in P1 in the third period, again, only dissipated the
changes in transcapillary hydraulic pressure difference. Figure
1 shows that normalizing Pr was accompanied by
near—normalization of APR. Thus, contrary to the second
possibility proposed in the introduction, APR did not remain
depressed with the rise in oncotic pressure, nor were there
additional changes of peritubular capillary parameters, such as
a further rise in P or a reduction in Kr. Moreover, during the
third study period in Group 4, values for whole kidney, frac-
tional tCO2 reabsorption remained far below those measured
prior to benzolamide administration, indicating that carbonic
anhydrase activity continued to be depressed following blood
(TF/P)1 pAPR
nI/mm
p . Kr
ni/(s mm
mm Hg Hg)
Group I
1st period 2.11 0.14 26.7 4.0 13.5 0.4 3.5 0.5 10.0 0.5 24.7 1.1 1.5 0.4 23.2 1.1 13.2 1.0
2nd period 1.59 0.09 17.7 3.6 16.3 + 0.2 1.1 0.5 15.2 0.5 25.3 0.5 0.7 0.2 24.6 0.5 9.4 0.4
3rd period 1.97 0.13 25.6 4.8 13.9 0.3 -0.2 ÷ 0.2 14.3 0.4 29.2 0.8 1.9 0.5 27.3 0.8 13.0 + 0.5
P valuea <0.005 <0.001 <0.001 <0.005 <0.001 MS <0.005 NS <0.025
P valueb <0.001 <0.005 <0.005 <0.01 <0.01 <0.005 <0.025 <0.005 <0.001
Group 2
1st period 1.94 0.16 23.9 2.3 13.6 0.5 3.6 0.2 10.0 0.6 27.4 1.0 1.6 0.1 25.8 ÷ 0.9 12.3 0.8
2nd period 1.93 0.15 24.0 2.2 13.5 0.6 3.7 0.4 9.8 0.9 27.2 0.6 2.0 0.2 25.1 0.6 11.6 0.8
P valuea NS NS NS NS NS NS NS NS NS
Group 3
1st period 1.59 0.10 17.4 2.2 16.2 + 0.7 1.8 0.5 14.4 1.0 26.5 + 1.2
2nd period 1.61 0.11 17.2 2.0 5.8 (1.7 1.7 0.3 14.2 0.9 26.3 1.6
P value" NS NS NS NS NS NS
a 1-tests were performed between 1st and 2nd study period
h 1-tests were performed between 2nd and 3rd study period
1.7 0.2
1.9 0.2
NS
24.7 + 1.3 8.5 1.6
24.4 1.7 8.6 ÷ 1.7
NS NS
0.043 0.011 292 43
0.046 0.013 269 31
NS NS
1st period
2nd period
3rd period
P value"
P value5
GFR
mi/mm
1.10 0.05
0.95 0.07
1.02 ÷ 0.04
<0.005
NS
Filtered
tc02
mo1/min
34.7 1.0
27.7 1.5
27.9 0.8
<0.010
NS
V
mi/mm
0.060 0.014
0.180 0.002
0.178 0.016
<0.001
NS
Utc02V
p.mol/Pflin
"t-tests were performed between 1st and 2nd study period
b 1-tests were performed between 2nd and 3rd study period
1.30 -- 0.74
10.7 0.2
7.4 0.6
<0.001
<0.001
Percent tCO2
reabsorption
96.3 2.1
60.8 2.1
73,5 1.8
<0.00!
<0.001
30
APR
27 nI/mm
Benzolamide Benzolamide +Baseline
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Fig. 1. Profiles of peritubular transcapillary oncotic pressure difference
(ir) and hydraulic pressure difference (P) along peritubular capillar-
ies during three study periods in Group I animals. Abscissa of each
panel represents the fractional distance from the glomerular end
to venous end along the peritubular capillaries. The difference between
Air and AP at any given point along the capillary network represents the
local net reabsorptive force. The shaded areas denote the AIT—AP
values integrated along the entire fractional length of the peritubular
capillary network, and yield mean net reabsorptive pressure (Pr).
Average values for APR (nI/mm) and Pr (mm Hg) measured in the study
are given in each panel. Benzolamide infusion led to a marked rise in
AP, leading to a substantial fall in Pr. Infusion of hyperoncotic
high—hematocrit blood led to a rise in Air and a slight fall in APduring
continued infusion of benzolamide, resulting in an increase in Pr to a
level comparable to pre-benzolamide value. These changes in Pr corre-
late well with the measured alterations in APR throughout the experi-
ments, as shown.
infusion in Group 1 animals as well.1 Therefore, although the
reduction in peritubular capillary forces may be a consequence
of altered epithelial transport processes, the maintenance of the
reduced forces during benzolamide administration appears to
be a requirement for the full expression of its inhibitory
influence of proximal fluid reabsorption in vivo.2
The contention that the rate of proximal fluid reabsorption
during carbonic anhydrase inhibition is subject to modulation
'However, the continued suppression of whole kidney fractional
tCO2 reabsorption, which was observed during the 2nd and 3rd study
periods does not prove that, at proximal tubule level, carbonic
anhydrase was inhibited to a comparable degree during these study
periods.
remains to be established how peritubular capillary forces are
involved in modulating transepithelial fluid reabsorption. The locus of
action by peritubular colloid osmotic pressure has previously been
suggested to reside within the paracellular pathway [28]. More recently,
experimental evidence indicated that peritubular colloid osmotic pres-
sure may directly affect transcellular transport process [29, 30]. It was
also speculated that intracapillary, rather than interstitial pressures, are
more influential on transcellular NaCl and water transport. This spec-
ulation was based on structural findings by others [31] that the area of
peritubular capillary wall possessing fenestrae are closely juxtaposi-
tioned with basolateral membrane.
by peritubular capillary forces has recently been demonstrated
in a somewhat indirect fashion by Cogan and Rector [32]. In
their micropuncture experiments in Munich—Wistar rats, intra-
venous administration of acetazolamide was shown to concur-
rently reduce absolute proximal reabsorption of bicarbonate,
chloride and water, as previously reported by others [331.
Moreover, the rate of this fluid reabsorption was found to be
markedly lower in animals volume—expanded with colloid free
solution. It was, therefore, proposed that the peritubular capil-
lary forces, specifically, oncotic pressure (which was presumed
to be low in volume expanded animals), was determining the
rate of fluid reabsorption.3 In our study, throughout all the
experimental periods, APR was found to change in a direction
identical to that of net reabsorptive pressure, Pr. It was further
noted that CA! per se alters the peritubular reabsorptive forces
in a direction favoring the suppression of fluid uptake by the
peritubular capillaries, an observation noted by others [19].
It should be recognized that this CAl-induced alteration in
capillary uptake forces may be important only in circumstances
where CA! affects the entire population of superficial cortical
nephrons in vivo. Thus, CAT is capable of suppressing fluid
absorption in isolated proximal convoluted tubules of rabbits
[20, 21]. Likewise, in vivo microperfusion of rat proximal
tubule with CAl-containing solution results in reduced fluid
transfer out of the tubular lumen [35, 36], presumably in theY
absence of simultaneous alteration in peritubular capillary
forces. It should be noted that the law of mass preservation
which describes the balance between proximal luminal trans-
port and peritubular capillary uptake prevails at the whole
kidney level, not within each nephron unit. In this regard, the
work by Cogan and Rector [32] examined the effect of lowering
plasma protein concentration below normal levels in rats, in which APR
was already suppressed by a carbonic anhydrase inhibitor. The present
study examined the effect of raising protein concentration on APR in
carbonic—anhydrase—inhibited animals. Although quantitation of prox-
imal bicarbonate reabsorption is beyond the scope of the present study,
there is reason to speculate that, following infusion of hyperoncotic
plasma, isohydric reabsorption of bicarbonate may have continued.
During inhibition of carbonic anhydrase, bicarbonate reabsorption
continues in a degree far in excess of the level predicted from normal
level of carbonic anhydrase—independent bicarbonate reabsorption
process. To explain such a phenomenon, additional mechanism modu-
lating bicarbonate reabsorption, such as carbonic acid recycling, has
previously been invoked [34]. More recently, it was postulated [33] that
carbonic anhydrase—independent bicarbonate reabsorption may be sub-
stantially augmented with reabsorption of other solutes, such as chlo-
ride. In this regard, the modest reduction in whole kidney tCO2
excretion rate seen following blood infusion in Group 4 may be taken as
an indirect evidence for the existence of a considerable degree of this
CAl independent component of bicarbonate reabsorption, which was
enhanced by hyperoncotic plasma infusion. Enhanced chloride reab-
sorption is expected to reduce the cell—to—lumen disequilibrium pH
gradient (a rate limiting factor for hydrogen ion secretion and bicarbon-
ate reabsorption) by transiently raising bicarbonate concentration. Of
note, in this regard, are the findings by Berry et al in their study using
rabbit proximal tubules [29, 30] that the changes in peritubular protein
concentration, from low to markedly high levels, induced directionally
similar alteration in active chloride transport. Together, these observa-
tions support the view that enhancement of bicarbonate reabsorption
can occur in parallel with increased bulk of water flow even during
carbonic anhydrase inhibition, that is, when carbonic anhydrase—
dependent bicarbonate reabsorption is markedly depressed.
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peritubular transcapillary oncotic pressure
difference (= ir — ir1), mm Hg
plasma flow rate, nl/min
single nephron filtration fraction
single nephron GFR, ni/mm
late proximal tubule fluid—to—plasma inulin
concentration ratio
whole kidney sodium excretion rate, pEq/min
late proximal tubule fluid flow rate, ni/mm
Superscripts
mean value
A afferent arteriole
c peritubular capillary
ci distalmost peritubular capillary
E efferent arteriole (that is, proximalmost peritubular
capillary)
cortical interstitium
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Glossary of symbols
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GBF glomerular blood flow rate, nllmin
Hct blood hematocrit in femoral artery, vol %
peritubular capillary reabsorption coefficient,
nl/(s mm Hg)
P hydraulic pressure, mm Hg
Pr net peritubular capillary rcabsorptive pressure, mm
Hg
peritubular transcapillary hydraulic pressure
difference (= Pc — Pr), mm Hg
oncotic pressure, mm Hg
Q
SNFF
SNGFR
(TF/P)1
UNaV
VTF
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